An innovative integrated computational approach, that includes mesh generation, CFD analysis and acoustic propagation, is presented and applied to the simulation of the F7/A7 Contra Rotating Open Rotor (CROR) tested in the NASA Lewis 9-x 15-ft Anechoic Wind Tunnel.
I. Introduction
Aircraft engine noise is one of the major contributors to noise emissions particularly at take-off and landing. A sound source of relevant interest is the propeller generated noise in Contra Rotating Open Rotors (CROR). In order to increase the community acceptance of aircraft transportation and ensure at the same time the satisfaction of the certification rules (FAR, ICAO) it is mandatory to develop low noise technologies and design solutions, together with the capability to optimize the power plant components adopting a multidisciplinary approach. This latter methodology requires the development and the application of CFD and CAA computational models that accurately predict the engine noise emissions in operative conditions. Predictive tools shall provide easy and fast computational grid generation, integration of sound propagation solvers with CFD codes, applicability to complex calculations at affordable computational cost.
Even if several of these tools are available, their applicability is somehow limited by a series of factors that include not only the high computational cost of fully unsteady CFD and acoustic simulations at realistic Mach numbers, but also the intrinsic difficulties in properly modeling the appropriate acoustic boundary conditions in presence of flow.
On CROR configurations the most common strategy for "Propeller Noise" estimation consists in a two-step approach, based on the exploitation of the Lighthill analogy: unsteady near-field aerodynamic flow simulation to evaluate the noise sources, coupled to a far-field acoustic propagation code [1] - [2] .
In this paper an innovative integrated computational approach is applied to the simulation of the F7/A7 counterrotating propellers tested in the NASA Lewis 9-x 15-ft Anechoic Wind Tunnel [3] - [4] . The computational approach includes the automatic mesh generation of complex 3D geometries, the CFD analysis of the acoustic source domain and the computation of the sound propagation to the far-field. The approach is based on the exploitation of two main key ingredients: 1) an efficient CFD solver based on the Nonlinear Harmonic (NLH) method [5] - [6] capable to predict the unsteady flow field generated by the contra rotating blades of the CROR configuration considered, with a CPU reduction of the order of 1000, compared to full sliding grid techniques; 2) an efficient frequency domain aeroacoustic tool implementing the Ffowcs Williams-Hawkings (FW-H) formulation [7] .
The paper starts with section two, illustrating the F7/A7 experimental setup and the relative aerodynamic/acoustic measurements available. Section three describes the simulation approach adopted for the computation of the acoustic sources and their propagation to the far-field. In section four the aerodynamic and the acoustic results are analyzed and compared with the experimental data available. In particular the sound level directivity is analyzed at two take-off flight conditions with and without the presence of flow angle of attack (AOA). The conclusive section provides an overall assessment of the capability of the integrated simulation tool to model successfully the whole computational chain for the application considered.
II. Experimental Setup
The aerodynamic and acoustic measurements available were performed in the NASA Lewis 9-x 15-ft Anechoic Wind Tunnel [3] . This test rig provides a flow speed up to Mach 0.2, suitable to reproduce take-off and approach test environment. The anechoic capability of the wind tunnel is guaranteed down to 250 Hz, ensuring to correctly measure the propellers fundamental frequencies. The acoustic measurements were performed with a polar microphone probe ( Figure 1 ) over a side line located below the propeller (and the hypothetical aircraft), at a distance of 61 cm (24 in) from the propeller axis of rotation. The inspected polar angles () range from 45 to 135 degrees, with the angles measured relatively to the center of the aft propeller disk, with respect to the rotation axis oriented in the forward direction. The rotation of the polar microphone probe around the propeller axis allowed azimuthal surveys at any side line locations. The propeller axis angle-of-attack was achieved by rotating the propeller in the horizontal plane with respect to the incident flow. A range of  16 deg was investigated. Two counter-rotating propellers were tested, respectively the F7/A7 and the F7/A3 configurations, the latter characterized by reduced diameter of the aft propeller. In this study only the F7/A7 configuration is considered. The design parameters are reported in Table 1 
A. Nonlinear Harmonic (NLH) Method
In the NLH approach [5] - [6] , the flow is decomposed into Fourier harmonics, typically associated with blade passing frequencies and their multiples, whose number is specified by the user.
The unsteady flow transport equations are formulated in the frequency domain and result into the solving of transport equations for the harmonics and the mean flow. These equations are coupled. Indeed, like in the ReynoldsAveraged flow equations, time-mean products of the periodic perturbations appear in the time-mean flow conservation laws, called "deterministic stresses", representing the full nonlinear effects of the flow unsteadiness on the time-averaged flow. In this case, the closure of the model is obtained by calculating the deterministic stresses directly from the harmonic solutions, which is an important advantage as it provides an improved time averaged flow solution, incorporating all the effects of the unsteadiness.
puller CROR at typical take-off conditions [9] . More recently the methodology has been extended to fully account for installation effects of pylons/nacelles on the CROR aerodynamics and noise. Figure 2 shows the 11 x 9 CROR that has been used for this study. It should be noted that since the real geometry was not available it was decided to design an arbitrary geometry as much as possible equivalent to the tested one. In particular the radius and the RPM were kept the same, as well as the generated thrust. This required an iterative design process performed with FINE TM /Turbo. Obviously there is no warranty that the other parameters (chord, sweep) are the same as the real ones. Besides there is no guarantee that in the generated geometry the distance between the rotors is exactly the same as for the F7/A7 propellers. For the real configuration, in fact, this distance refers to the axial separation between the rotors pitch change axes, which cannot be clearly defined in the reconstructed geometry.
Fig. 2 -Simulated CROR configuration
The simulation is performed for a free stream Mach number of 0.2, which is representative of take-off/approach operation. Two angles of attack have been studied (0 degree and +8 degree) in order to assess the capability of the computational chain to reproduce the effects of the flow incidence on the blade aerodynamic loads and on the propagation of the sound generated. Table 2 shows the CROR characteristics that were kept unchanged during the design process, and so these characteristics are identical to the ones used during the experiments (F7/A7). 
Tab. 2 -Simulated CROR characteristics
The CFD mesh has been created with the software AutoGrid5 TM , the NUMECA International automatic hexahedral structured grid generator. The computational domain is radially extended to a radius of 0.75 m and is axially extended to a total length of 7.28 m as well. Figure 3 shows a meridional view of the mesh. The inlet bulb is meshed with a butterfly topology avoiding a singular line in the inlet section. Figure 4 shows a blade-to-blade view of the mesh at mid span. A O4H topology is used with a skin block around the blade and 4 H blocks around it. This blade-to-blade topology is extended in the far-field. Only one interblade channel per row is actually meshed to run a NLH simulation.
The mesh respects standard quality criteria in terms of the maximum expansion ratio, the minimum orthogonality, and the maximum aspect ratio of cells. The mesh counts 7.6 million nodes. Figure 5 provides a view of the CFD mesh on the solid surfaces. Table 3 summarizes the numerical parameters that have been employed for the reference CFD computation. A simultaneous time-marching technique is used to converge to a steady-state solution of the time-mean and harmonic flow equations by means of an explicit Runge-Kutta scheme. Acceleration methods to the steady state like local time stepping (with a CFL number of 3) and multigrid (with 3 grid levels) are also used. The turbulence is modeled by the eddy-viscosity one-equation Spalart-Allmaras model, with the values of y+ not exceeding 10 on the first layer of cells above solid surfaces. The simulation with 0 degree angle of attack uses 3 harmonics and 1 perturbation per blade row (generated from the upstream blade passing or the downstream blade passing). The simulation with 8 degrees of angle of attack uses 3 harmonics and 2 perturbations per blade row. The additional perturbation is due to the incidence of the flow, which is treated as a perturbation. Table 4 shows the far-field boundary conditions used for the computations. Boundary conditions similar to the ones observed during the experiments, which are representative to take-off/approach operation, have been imposed. The blades and the hub are considered as smooth and adiabatic solid wall boundaries. Figure 6 shows the boundary conditions imposed on the solid walls. Tab. 4 -Far-field boundary conditions
Fig. 6 -Boundary conditions on solid surfaces
The simulation with 0 degree angle of attack took about 19 hours on 12 processors for a 7.6 million grid point mesh. The simulation with 8 degrees of angle of attack took 23 hours on 12 processors on the same mesh. The CPU time increase -when running a configuration with angle of attack -is coming from the additional perturbation, which has to be resolved through an extra system of harmonic equations.
B. Integrated FW-H Acoustic Solver
Once that the unsteady loads have been evaluated with NLH, they can be directly used as an input to start the FW-H analysis with the integrated FW-H solver of FINE TM /Acoustics.
The FW-H solver applies the Ffowcs Williams-Hawkings equation in several different forms including permeable and non-permeable formulations applicable to rotating and fixed surfaces [7] . In the case of a subsonic rotating propeller or rotor, the integration surface can be placed on the propeller/rotor surface itself, and therefore the non-permeable FW-H can be used. This formulation requires just the knowledge of the pressure time history on the surface itself, but the formulation has to consider the fact that the surface is rotating. In the case of a transonic rotating propeller or rotor the aeroacoustic sources are not only placed on the rotor surface but some sources are present also in the region around the blades. It is not possible to place the integration surface on the blade itself, but this has to be placed at some distance in such a way to enclose all the source terms. Different possibilities are available in FINE TM /Acoustics since it is possible to have the surface rotating with the blades, or to have a fixed surface enclosing the rotor. Typically the last approach is the most efficient since it does not require to manage the complexities of a supersonically moving surface. The FW-H surface motion can also be included (i.e. rotation + oscillations of helicopter rotors flapping, feathering, lag …). The far-field microphones can be in relative motion with respect to the FW-H surface.
The F7/A7 propeller considered in this study is characterized by subsonic conditions (relative blade tip Mach number equal to 0.76), therefore the FW-H solver is applied to a non-permeable, rotating surface, lying directly on the propeller blade surfaces. As anticipated in the previous section, the aim of the FINE TM /Turbo analysis is to reproduce the steady and unsteady pressure loads generated over the blade surfaces by two main effects, respectively (1) the relative interaction between the contra rotating propellers (Figure 7 -left) and (2) the relative interaction between the propellers with the external flow with incidence (Figure 7 -right) .
Fig. 7 -Fwd/Aft propellers interaction (left). External flow/propellers interaction (right).
In order to obtain a good compromise between the simulation accuracy and the computational cost, three harmonics are used in the NLH analysis to model the first three blade passing frequencies for each row and for each interaction effect. The harmonics and the relative frequencies for each propeller are reported in Table 5 .
Tab. 5 -Harmonics considered in the propeller rotating frame
These harmonics are relative to the propeller rotating frame. The subsequent transformation performed by the FW-H module, from the propeller "rotating" frame to the microphone "fixed" frame, provides the propeller tones that are effectively radiated to the far-field. Their frequency can be calculated as described in ref. [10] .
The full integration of the CFD solver and the FW-H solver allows to reduce the mesh handling and to simplify the setting-up of the computational model. For example, when using a fixed permeable FW-H surface, the solver self-consistently reconstructs the CFD solution on the fixed surface from the available CFD solution on the rotating surface.
The NLH simulation results (i.e. the computational mesh and the complex pressures at each harmonic) are imported in FINE TM /Acoustics for the subsequent application of the FW-H calculation. Only the solid surfaces of the propeller blades may be imported in order to limit the memory resources and speed up the computational time. The exchange file format is the standard CGNS. The imported solution is used to reconstruct the pressure time history on each node of the rotating mesh. This represents the input provided to the FW-H solver.
The current FW-H implementation requires as an input a time history that is automatically extracted from the NLH harmonics. 
Fig. 8 -Flow chart of the 4 simulations performed by FINE TM /Acoustics
The analysis is split in four different computations (runs), two for the forward propeller and two for the aft propeller. Each run targets a different noise generating mechanism and is performed by considering:  Alternatively the forward rotor or the aft rotor (i.e. only one rotor is considered in each simulation).  A specific group of harmonics, that can be selected during the import of the NLH results in FINE TM /Acoustics.  Different noise sources, i.e. "thickness noise" and "loading noise".
In each run:  The harmonics are used to produce a time history (on each node of the blades surface mesh) limited to one period of the lowest imported harmonic, so that each time history contains an integer number of periods for all the harmonics of the run. The time histories are then provided as input to the FW-H solver.  The acoustic solver is run to produce a time history at the far-field microphones, with a length specified by the user. An integer number of front-propeller rotations (e.g. 9 rotations) shall be covered.  The resulting noise signal is inevitably non periodic (except for the run relative to the front-propeller). For this purpose the signal is windowed (Hanning windowing) before performing the Fourier transform This approach ensures to obtain, by each of the four runs performed, a periodic time signal at each microphone with the same length. Once the four signals are DFT transformed, they provide consistent spectra (i.e. with same frequency range and frequency resolutions) that can be summed (complex sum) to yield the final noise spectrum. This approach allows to compute acoustic pressure spectra and time histories either for the complete CROR, either for each of the single propellers. Furthermore, the thickness and the loading noise can be separated.
The time histories were reconstructed at each microphone by covering 9 forward propeller revolutions, in order to ensure a high frequency resolution (14.1 Hz), a minimized windowing effect, and in order to sample the tonal signals up to 10 KHz at least with 10 points per period. The setup parameters are reported in 
IV. Aerodynamic and Acoustic Analysis

A. Aerodynamic analysis
This section presents an analysis of the aerodynamics characteristics of the CROR. The analysis will be focused on the periodic unsteady phenomena linked to the blade passing frequencies of both rotors, which are of primary relevance for the noise generation mechanisms.
The front rotor and the aft rotor produce at 0 degree angle of attack a thrust of 1568N and 1220N respectively. These values are within a 10% error margin of the experimental values. Figure 9 and Figure 10 show instantaneous solutions of the normalized entropy at 50% span and 90% span respectively. A good continuity of the wake across the rotor/rotor interface has been achieved despite a limited number of harmonics that have been used. The interaction between the wakes of the first rotor and the second rotor can be clearly observed at both radial locations. The instantaneous values of static pressure can be reconstructed by cumulating the harmonics and the mean flow given by the NLH simulation (Fourier reconstruction in time). In the case with incidence, additional harmonics are associated with the flow change provoked by the relative rotation and the incidence. This is illustrated in Figures 11  and 12 for one harmonic per perturbation.
In Figure 11 the harmonics on the right hand side are those induced by the incidence, and the other harmonics are provoked by the relative rotation of the adjacent rotor, being associated with the 1st BPF, i.e. passing wakes (only in the aft rotor) and potential effect. The effect of the incidence is clearly visible near the hub, indicating a variation of unsteady pressure over the whole rotor (360 deg) which can reach 20,000 Pa near the hub. Cumulating the contribution of these harmonics and the mean flow gives the instantaneous static pressure, shown here on one rotor blade in Figure 12 . It can be seen that the instantaneous flow differs on the same blade if the angle of attack changes from 0 to 8 deg, illustrated here for one harmonic per perturbation. In Figures 13 and 14 the reconstruction is done for the pressure side of the rotor blades. The incidence effect is not as strong as on the suction side (5000 Pa maximum variation of static pressure over the rotor). Static pressure distributions at 0 degree angle of attack and 8 degree angle of attack are very similar close to the tip but show significant differences close to hub, notably the lower half of the aft rotor. Larger variations of the static pressure distribution on the blade surfaces for the 8 degree angle of attack configuration should induce an increase of the noise level by comparison to the one of the 0 degree angle of attack configuration.
B. Acoustic analysis
This section presents the results obtained from the acoustic analysis. A total number of 9 far-field polar microphones are considered, located in the same positions for which experimental data are available. The microphone locations are described in Figure 15 . The array is located over a side line below the propellers (and the hypothetical aircraft), at a distance of 61 cm from the axis of rotation. The inspected polar angles () ranges from 50 to 130 degrees, with spacing of 10 deg, with the angles measured relatively to the center of the aft propeller disk, in the aft direction. At +8 deg of AOA the prediction exhibits a clear peak at 90 deg. A good agreement with the experimental data is observed, especially at the microphones extending from the aft propeller plane (90 deg) towards the aft direction, while for microphones at forward angles below 90 deg there is a general tendency to underpredict the results. Considering that the real geometry of the blades is not known, the results presented should not be strictly compared with experimental values but instead used mainly to verify that the overall computational chain can predict the expected overall behavior for what concerns the emission angles and the effect of the angle of attack, that are indeed captured by the proposed approach.
A pronounced increase in the radiated noise level of the BPF1 rotor-alone tone, of approximately 10 dB at 90 deg, is produced by the effect of the angle-of-attack. At +8 deg of AOA the prediction exhibits a peak shifted to 100 deg. A good agreement with the experimental data is observed at the microphones extending from 100 deg of polar angle towards the aft direction, while for microphones at forward angles below 100 deg there is a general tendency to underpredict the results. Considering that the real geometry of the blades is not known, the results presented should not be strictly compared with experimental values but instead used mainly to verify that the overall computational chain can predict the expected overall behavior for what concerns the emission angles and the effect of the angle of attack, that are indeed captured by the proposed approach.
A pronounced increase in the radiated noise level of the BPF2 rotor-alone tone, of approximately 8 dB at 90 deg, is produced by the presence of the angle-of-attack. Figures 24 and 25 show the SPL variation of 2*BPF1+BPF2 with respect to the polar angle, for the cases of 0 deg and +8 deg of angle-of-attack. A general good agreement is observed between the numerical predictions and the experimental data, especially at the microphone lying in the aft propeller plane. The overprediction occuring above 100 deg might be due to a possible lack in the fidelity of the reconstructed geometry, as explained in Par. III-A. The high frequency interaction tones are, in effect, sensitive to the rotors spacing and to the blades geometry, which have been estimated on the basis of the limited geometrical information available for the F7/A7 configuration. 
V. Conclusions
In this paper an innovative integrated computational approach has been applied to the simulation of the NASA counter-rotating F7/A7 propellers for which experimental acoustic data are available.
The adopted simulation approach is based on the exploitation of an efficient CFD solver based on the Nonlinear Harmonic method and on an efficient frequency domain aero-acoustic tool implementing the Ffowcs WilliamsHawkings formulation.
The full simulation chain (mesh generation, CFD calculation, data import into the acoustic solver, acoustic analysis and data post-processing) has been successfully exploited during the study performed. It is demonstrated that the high integration level between the CFD and the acoustic solvers provides benefits in terms of reduced mesh handling, easy model preparation, reduced computational time.
The accuracy of the simulation has been assessed in comparison with available NASA experimental data. For this purpose a challenging flow condition with angle-of-attack was selected, numerically reproduced and compared to the case with zero angle-of-attack. The numerical results are in global reasonable agreement with the experimental data, in particular considering that the geometry of the F7/A7 propellers was not available and, therefore, had to be reconstructed based on the best fit of the known geometrical and aerodynamic parameters. The numerical simulation performed allowed to point out the main physical effects provided by the flow angle-of-attack on the noise radiation.
An important reduction of the computational time necessary for the FW-H analysis is expected from the ongoing implementation in FINE TM /Acoustics of the direct usage of the NLH harmonics for the reconstruction of the time histories. This will permit to perform the full analysis with all the rotors and all the harmonics in a single step without the need to differentiate the different rotors and harmonics, and reducing further in this way not only the computational cost but also the complexity in the model preparation.
